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Abstract

The Tropical Rainfall MeasuringMission experiencehas confirmedthat one of the main diffi-
cultiesin retrieving rain profilesfrom single-frequeng radarreflectvity measurements the un-
known raindropsizedistribution (DSD). A dual-frequeng radarsuchasthe one plannedfor the
up-comingGlobal PrecipitationMeasuremen{GPM) core satelliteis expectedto help sort out
at leastpart of this DSD-inducedambiguity However, the signatureof precipitationat 14 GHz
doesnot differ greatlyfrom its signatureat 35 GHz (the GPM radarfrequencies)ln orderto de-
terminethe extent of the vertical variability of the DSD in tropical systemsandto quantify the
effectivenessf a dual-frequeng radarin resolvingthis ambiguity we considerseveral different
modelsof DSD shapeandusethemto estimatetherain-rateandmean-diameteprofilesfrom the
measuremenisiadeby JPLs airbornePR-2radarover hurricanessabrielleandHumbertoduring
the CAMEX-4 experimentin SeptembeR001. It turnsout thatthe vertical structuresof therain
profilesretrieved from the samemeasurementsnderdifferentDSD assumptionsre similar, but
the profilesthemselesarequantitatvely significantlydifferent.

30th SeptembeR003

1JetPropulsion_aboratory California Instituteof Technology
2NASA GoddardSpaceFlight Center
3Correspondingauthor: 300-243JPL, PasadenaCA 91109-8099- zsh@alberto®5.jpl.nasa.ge



. INTRODUCTION

Therain-profilingalgorithmdevelopmentandvalidationeffort undertakenfor the TropicalRainfall

MeasuringMissionhasconfirmedthatoneof themaindifficultiessurroundingheretrieval of rain
rateprofilesfrom spaceborneadarreflectvity measuremenis theunknavn dropsizedistribution

(DSD). Indeed,if onestartswith the assumptiorthat the DSD is always an exponential(or, at
worst,a gamma)distribution, whosedependencen the rain rateis known a priori, onecanthen
derive power-law relationsZ = aR’ andk = aRP which very adequatelyelatethe 14-GHzradar
reflectvity factorZ andthe 14-GHzattenuatiorcoeficientk to therainrateR. It follows (seee.g.
Haddadet al, 1995)that the one-vay path-intgratedattenuatiorPIA, integratedover a vertical
rain column,mustberelatedto the 14-GHzmeasuredeflectvities Zy, in thatcolumnby

/B
PIA = (1 - O.2Iog(10)a% / (zm/a)B/b> (1)

Figurel is aplot of the PIA valuesobtainedirom the TRMM radarmeasurementsver the ocean
duringseveralorbitsby comparingherainy surfacereturnwith theaveragesurfacereturnfrom the
nearbyclearair regions. This “surface-referencePIA is shavn on the horizontalaxis, while the
vertical axisrepresentshe right-hand-sidef (1) calculatedwith two differentDSD assumptions
(correspondingo afew differentsetsof constang, b, a and3). Theleft panelshavs theresultof
usingthe a-priorivaluesof the parameters, b, a andf in the TRMM radaralgorithm(lguchi et
al, 2000);theright panelshavs theresultof usingthoseparametere the multiple-DSDTRMM
combinedadar/radiometealgorithm(Haddacdetal, 1997a)which producehelargestattenuation.
If (1) wereverifiedexactly, onewould expectmuchlessscattethanis evidentin theplots. Indeed,
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Fig. 1. Zy-derivedPIA versussurface-efeenceestimategromthe TRMMdata: poor correlation at modeate and
low precipitation.
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for one-vay attenuationdelov 1.5dB, theredoesnotseemo beary correlationbetweerthetwo
sidesof (1), thoughthereis a cleartendenyg for the Z-calculatedvaluesto be muchsmallerthan
the surface-referencednes. This apparentailure of equation(1) is quite possiblycausedn part
to thechangan the surfacebackscatteringross-sectioueto the variationof thewind from the
clearair regionsto therainy area.But this effectis not sufiicient to explain the large mismatchat
moderateandlow precipitation.Indeed this discrepang constitutesompellingevidencethatthe
DSD parametersary very significantlyover arain column.

In the caseof TRMM, this DSD problemhasbeendealtwith in two ways. In theradaralgorithm,
(1) is usedto adjusttheratio a3/b andthusreducethe ambiguity at leastin the caseof heavier
precipitation. In the Bayesianframevork of the TRMM combinedradar/radiometealgorithm,
(1) is usedto weightthe candidatea-priori DSD’s in favor of the bettermatchingones,andthe
obsered radiancesare alsousedto further constrainthe multiple possibilitiesfor the DSD. The
dual-frequeng radarwhich the Global PrecipitationMeasurementGPM) missions coresatellite
will carryshouldprove amuchmoreeffective tool in sortingoutatleastpartof this DSD-induced
ambiguity Indeedwith two radarreflectvity profiles,onewould expectto be ableto retrieve not
just a singlerain rate profile, but in additionat leastone“first order” DSD profile, e.g.a profile
of the (mass-weightedineandrop diameterD*. Unfortunately this expectationmay turn out to
be difficult to fulfill. Thatis becausehe reflectvity profilesat the two radarfrequenciesarefar
from independentAfter all, lighter rainis madeup mostly of smalldrops.As figure 2 shaws, the
backscatteringross-sectiomf small dropsis not significantlydifferentat 14 and35 GHz. One
would thereforenot expectlarge differencesn the associatedadarreflectvity factors.While the
differencein the extinction cross-sectiomppearsnorereadily exploitablefor smalldrops,its ac-
tual magnitudes unfortunatelyso small that the resultingattenuationis not significantfor light
precipitation.At the otherextreme,while the attenuatiorwill be appreciabléatbothfrequencies)
for heavy rain, it isin factlikely to be soappreciablesto drive the back-scattere@5-GHzsignal
itself below thesensitvity thresholdof thatchannel.Thus,thetwo frequenciesrenotvery differ-
entatlow rainrates,andthey will in effectreduceto a singlefrequeng athighrainrateseaving
a somevhat disappointingrangeover which the two frequenciesanbe realistically expectedto
resole the DSD-inducecambiguityproblem.Thatis why it is atleastasimportantfor GPM asit
wasfor TRMM to developanoptimalapproacho extractfrom all the GPM coresatellites mea-
surementgrofilesof thebestunbiasedstimate®f themeanf therainrateR andmass-weighted
meandiameteD*. Thepurposeof this paperis to quantifytheeffectof differentplausiblea-priori
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Fig. 2. Actual(Mie) vssmall-size-apmrximation(Rayleigh)microwavesignatuesof rain drops.

assumptionaboutthe possibleshape®f theDSD ontheretrievedprecipitationprofilesusingdata
from CAMEX-4.

[I. DIFFERENT DSD MODELS

We shall considerfive well-documenteddSD models. No discussiorof DSD’s canbe complete
without consideringViarshallandPalmers exponentialform (MarshallandPalmer 1948)

Nvp(D) = Noe™"\P 2)
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in which, if we assumea nominalterminalfall velocity of 9.56(1 — e %53P) m/s for dropsof
diameteD mm, the parameterdly and/A mustbe consistentvith R, i.e. mustsatisfy

1 1

R=011( - ——
0 (/\4 (A + 0.53)4

> No mm/hr 3)

with Ng in mm~1 m=3. Thus,in additionto R, theexponentiaNyp hasasinglefreeparameterAs
long asequation(3) is enforced whetheronechoosedo identify this parameteasNy or A makes
no differencewhateser, andwe shall chooseA, with the additionalconstraintthatthe ratio 4/A,
whichis equalto the mass-weightecheandropdiameternot exceed3 mm. Thesecondthird and
fourth DSD modelswhich we considerarespecialcase®f thegammaDSD

Nr(D) = NoDHe™"\P.. (4)

Thisdistribution effectively depend®ntwo parameterg additionto R. Therearesereralwaysof
constrainingone of theseparameterso endup with only two unknavns which canbe solved for
usingthetwo measuredadarreflectvity factors.Onethathasproved consistentvith disdrometer
andairborne2D-probe(small-)samplestatisticsconsistan re-expressingt andA in termsof the
mass-weightetheandropdiameteD* andthe dimensionlesselative mass-weightedm.s.diam-
eterdeviation s*, andenforcingon the pair (D*, s*) theratherrestrictive joint behaior quantified
by the samplestatisticsobsered during the TOGA-CQARE campaign(Lukaset al, 1995)and
duringthe 1992-1993Darwin field measurementdHaddadet al, 1997b). Roughly theserestric-
tions amountto requiringthat D*R—%1°° have a meanof about1.1 (with R in mm/hrandD* in
mm) anda standarddeviation of about0.3, while s*D*~%16%R-0011 \hich hasa meanof about
0.4 andatiny standardeviation smallerthan0.05, is fixed at 0.4 sothatD” = D*R 915% s the
independenDSD parameters this case We shallreferto theresulting“restricted”gammaDSD
modelasNr,. Thisis thesecondDSD which we shallconsider It is the oneusedin the TRMM
combinedadar/radiometealgorithm. Thethird andfourth DSD modelsaresimilar restrictionsof
thegammamodel,obtainedfrom (4) by imposinga deterministicrelationbetweerNg andp. We
chosetherelation(Ulbrich andAtlas, 1998)

No = 6734 e mm1Hm3 (5)
for thethird modelNr,, andtherelation(Ulbrich, 1983)
No = 1500 e*8¥ mm~1-Hm=3 (6)

for thefourthmodelNr,. Finally, we alsoconsidera modelwhich doesnotdependn ary closed
analyticform for the distribution function N. After all, thereis an enormouswealthof sampled
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DSD’s measuredrom variousprobes,andthereis no reasomot to usea large subgroupof such
samplesasan a-priori databasen lieu of a model. Indeed,for our fifth DSD “model” N¢, we
chosethe TOGA-CQARE databasef DSD samplescollectedby the NCAR 2-D PMS probes
mountedon the NCAR Electraaircraft over the warm pool of the westernequatorialPacific be-
tweenNovember1992andFebruaryl993— an earlieranalysishad reducedhis dataseusinga
principal componentnalysis(MeagherandHaddad ,2002),but while this produceda more effi-
cientway to codethe data,the resultingsavingsin computerresourcegmemoryandprocessing)
arenotsignificantfor the currentstudyandwe usedthe original databasef DSD samplestself.

The next stepis to calculatethe Mie extinction and back-scatteringfficienciesas a function of

dropdiameter Oncethisis done,onecanassociat¢o eachrain-rate/DSDpair (R,N) in ary oneof

our five modelsthe correspondingadarreflectity factorsz;4(R,N) andzzs(R N) (in mm® m=3),

andthecorrespondin@ttenuatiorcoeficientskia(R,N) andkss(R,N) (in dB/km). Figure3 shavs
theresulting“reflectivity manifolds” (to borrowv atermdearto the passive radiometecommunity
— seee.g. SmithandMugnai, 1988)for eachof our DSD models. In the caseof Nvp, Nr,, Nr;

andNr,, thesemanifoldswereobtainedoy choosinga few representate valuesfor thefree DSD
paramete(A in the caseof Nvp, N, andNr,, D” in the caseof Nr,), andletting R vary from 0.2
to 200mm/hr In the caseof N, the manifoldis computeddirectly from the DSD samplesn the
databaseln all casesthevalueof the differencez;4(R, N) — z35(R, N) is plottedversuszi4(R N).

Thefirst obserationis that,for all five DSD modelswhenthe 14-GHzreflectvities aresmall,the
rain ratecurvesarealmosthorizontal,confirmingour previousobserationthatfor lighter precipi-
tationthereis no significantdifferencebetweerthetwo frequencies.

Therearetwo additionalfactsillustratedby the figure which arecrucial to the retrieval problem.
Thefirst is thatall the “curve crossings’correspondo retrieval ambiguities:they indicatethata
pair of (14-GHz,35-GHz)reflectvity factorscanbe explainedby at leasttwo rain rates(which
candiffer by afactorof two or more— the two-dimensionamanifoldscould not be readilymade
to illustrate this ambiguitiy quantitatvely), associatedo differentDSD parametewalues. This
implies that even in the absenceof ary obseration noise,the dual-frequeng retrieval problem
can be ambiguousand manifestlymore so in the caseof Nyp thanin the other casesthough
all the modelshave non-ngligible ambiguitiesat low precipitation. Sincetheseambiguitiesare
intrinsic to the dual-frequeng obserations,onewould needto consideradditionalmeasurements
toresolhethem.Thesecongointconcernshe“blank” regionsin theplots. Thesearemostevident
in theleastambiguousases\r, andNr,, thoughthey arenot entirelyabsenin the othermodels.
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Indeed currenttechnologycannotguarante¢hatthe noisein thereflectvity measurements less
thanabout0.3 dB r.m.s.at best. Thus, ones actualobsenrationscould quite easilyfall outside
theregion coveredby our manifolds,i.e. it is quite likely thatwith any DSD modelonewill face
the situationwhereno rain rate can“explain” exactly a pair of (noisy) reflectvities. Therefore,
when attemptinga retrieval, one musthave a rigorousmechanisnto assesghe plausibility of

the variousmodel pairswhich are “close” to the measuregair. In summary a dual-frequeng

radarcannotentirely avoid the ambiguitieswith which we have beenall too familiar in the case
of the TRMM radar andthe noisein the measurement@&longwith the unavoidableimperfection
of any DSD model)will make it essentiato allow for multiple inexact “matches”. Both of these
concernsnale it highly desirablego usea Bayesiarframevork to make unbiasedestimate®f the
precipitationunderlyingthe measurements.

Thereis yet anotherproblemwhich leadsus to considera sixth case. It is broughtaboutby the
needto accountfor the cumulatve attenuatiorat both frequenciesasoneestimateghe rain rate
sequentiallythroughthe consecutie vertical rangebins in the cloud. It is however easiestto
describehis sixth caseoncetheretrieval approacthasbeenoutlined,in thefollowing section.

I11. DUAL-FREQUENCY BAYESIAN RETRIEVAL

In orderto keepthe problemsassociatedvith the specificretrieval procedureseparatdrom the
DSD ambiguitiesthemseles, we appliedthe simplestBayesianapproacho the dual-frequeng
profiling problem.Let usstartby fixing the notation.For a givenvertical columnof precipitation,
call Z14(i) (respectiely Zss(i)) the radarreflectvity factormeasuredrom the it vertical range
bin at 14 (resp.35) GHz, with i = 1 for thefirst bin at the top of the rainy cloud andincreasing
dowvnward. The equationghathave to be solved for the rain-rate/DSDpair (R, N) at eachrange
bini are

214(i) = 214(R, N) — 2A14(i — 1) + noisga (7)
235(i) = 235(R, N) — 2A35(i - 1) + noisgs (8)

whereAq4(i — 1) (resp.Ass(i — 1) is theone-way 14 (resp.35) GHz attenuatioraccumulatedrom
the top of the cloud until the i!" rangebin, expressedn dB. To solve equationg7)-(8) for the
unknavns R andN, onewould thusneedto trackthe accumulatedittenuation®\14 andAgzs. As-
sumingthatthe noiseterms®“noise 4" and“noisess” are0-meanGaussiarwith variancesn%4 and
0%5, thesimplestBayesiarapproactconsistsn two stepsrepeatedecursvely for the consecutie
rangebins:
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1. startingat the top of the cloud (i = 1), andsettingA14(0) = As5(0) = 0, considerall realistic
rain ratesR andall DSD’s N allowed by the a-priori model,and calculatefor eachpair (R,N) its
mean-squaredistanced; from thetwo independentneasurements:

_ ([ 1Zaa(i) + 2A14(i — 1)] — 22a(RN)\? [ [Zas(i) + 2Ags(i — 1)] — zs5(R,N)\?
dI(R7 N) - +
O14 O35
9)
Theoptimalunbiasedestimateof therain ratewould thenhave to begivenby
R() = %/Rpi(R,N)dR (10)

wherep; is the probabilityweight pi (R N) = e 054(RN) ‘normalizedsothaty [ pi = 1.
2. thecorrespondingccumulatedttenuatiorup to andincludingthe currentrangebin mustthen
be updatedusingthe similar formula

Arli) = Ar(i-1) + 3 [ 3k (RN) PR N)dR (11)

whered is thethicknessof therangebin (in km),and f = 14 or 35 GHz.

Thisis theBayesiarretrieval approactwhich we used.

Beforeillustrating this methodand comparingits retrievals with thefive a-priori DSD caseswe
shallnow describea sixth casewhichwe hadto considerfor completenesdt comesaboutbecause
equationg(7)-(8) are not exactly correct. Indeed,rain is not the only sourceof attenuationof
microvavesin the atmosphereWhile absorptionby oxygenandwatervaporis relatvely small
and largely predictable the attenuationdue to cloud liquid water especiallyat 35 GHz, is not
negligible. Thatis because¢he downward-lookingradarwill measure

i® o , ,
(i) = / / ( /( )6z(r,9,(p)efrt P(r.8.9)dr dr) dedo (12)
i—1

andwhile z in theright-hand-sides the radarreflectvity factorof therain, the attenuatiorcoef-
ficientk is the sumk;ain + Keioug Of the attenuationslueto the precipitationandto the cloud (the
reflectvity of the cloud dropletsis nggligible becausét is proportionalto the sixth power of the
dropletdiameter) At 35 GHz, if M is the cloudliquid watercontentin g/m?®, Kejoug =~ KM dB/km,
with k = 0.84m?3 g~1 dB km~! whenall clouddropletsare10 um in diameter(andk increaseso-
wardavalueof 1.4whenall dropsapproactdrizzlesize). Thus,while thecloudis not suficiently
reflectve to be detectableit will casta “shadav’, andthis shadev may differ in “clear air” and
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within therain. For example,a rathermoderatewo vertical kilometersof liquid cloud carrying
0.5 g/m? of waterwill attenuateghe 35 GHz signalby about1 dB. This presentswo problems.
First, the surfacecross-sectioin “clear air” (i.e. wherethereflectvities from the atmospherelo
notexceedtherelatively highradamoisethreshold)whichis necessaryo theproperestimatiorof
theintegratedattenuatiorwithin precipitation,would be underestimatedf no accounts takenof
theattenuatiordueto ary undetectealoud. Thiswould resultin anunderestimatef the PIA, and
thatis the mainreasorwe chosenot to useary a-prioriinformationaboutthe PIA in our retrieval
approach Secondywithin the precipitation,at eachvertical resolutionbin onemustestimatgand
“remove”) the attenuatiorin the left-hand-sideof (12), andthis cannotbe donewithout biasing
theestimataf onedoesnotknow how to apportionthe attenuatiorbetweerprecipitatingandnon-
precipitatingliquid. We decidedto testthe effect of this “cloud-shadwa” problemby considering
asixthcasewheretheDSD is the TOGA-CQARE databasef N¢'s asin thefifth DSD model,but
wherewe systematicallyassumehe existenceof cloud liquid with liquid watercontentM (g/m?)
equalto 20% of the precipitatingliquid waterin the given DSD sampleandwith an attenuation
coeficientof 0.84M dB/km. We shallreferto this DSD caseasNcc.

To verify theaccurag of this dual-frequeng Bayesiarapproachit wastestedon synthetic*data”
which was constructedasfollows. Startingwith the rain-rateprofiles obtainedfrom the single-
frequeng TRMM radaralgorithmover hurricaneBonnieon August22, 1998,we supefimposed
the DSD modelNr, with variousvaluesof the parameteD”, makingsureto vary D” in all three
spatialdimensions.We then (re-)synthesizedmeasured™reflectvity profilesZ;4 andZss at the
TRMM resolutionbut assumingsensitvity thresholdsof 17 dBZ at 14 GHz and 15 dBZ at 35
GHz. We then appliedthe Bayesianapproachdescribedabore to verify that the estimatesio
matchthe original rain ratesandthe superimposedvaluesof D”. Theresultsareillustratedin fig-
ure4, whichshawvs estimatedrersusoriginal rainrates groupednto two “seasons’pneconsisting
of profileswherethe valuesof D” in the superimposedDSD werelow (the“low-D season”jand
onewherethevalueof D” werelarge (the“high-D season”) For comparisonsingle-frequeng (14
GHz) retrievals arealsoshavn. The scatterin the dual-frequeng Bayesiarretrieval did increase
substantiallybelov 1 mm/hrandabove 12 mm/hr, but that was expectedsinceat low rain rates
thesecondrequeny simply addsnoindependeninformationandat high rainratesthe significant
35-Ghzattenuatiorforcesthe 35-GHzechobelav the assumedensiity threshold. Thusonecan
concludethatthe Bayesiardual-frequeng approactperformsqguite satisactorily.
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biasedestimatesTheright panelshowshedual-frequencyBayesiarestimates.

IV. THE CAMEX-4 RESULTS

We arenow readyto apply the retrieval procedureoutlinedabore to the datacollectedby JPLs
airbornePR-2radarover tropical stormGabrielleandHurricaneHumbertoduringthe CAMEX-4
experiment. Figures5 through8 shawv the resultsof the retrievals. The top two panelsof fig-
ure 5 shaw theratherlow radarreflectvities measuredt nadir over Tropical StormGabrielleon
Septembed 5, 2001. The systemhad just emeged off the Florida coastover the Gulf Stream
(around30°N 79°W), but had not re-intensified. The remainingpanelsof figure 5 shav the re-
trieved rain ratesand meandrop diameterdor eachof the DSD modelsNwyp, Nr,, Nc andNcc.
Thetop panelsof figure 6 shav the one-way integratedattenuationgorrespondingo eachof the
modelsconsideredalongwith the surface-referencPlA estimatedrom two models:a singleav-
erageclearair surface-cross-sectioreferencevalue,anda fitted modelasin Li etal, 2002. The
remainingpanelsof figure 6 shav the differencebetweenthe measuredadarreflectvity factors
andthosereconstructeffom theresultsof the Bayesiarretrieval, in eachof thefour casesonsid-
eredin thisexample.Thetop two panelsof figure 7 shav theradarreflectvities measureat nadir
over HurricaneHumbertoon SeptembeR4, 2001. The cyclonewasembeddedn a strongsouth-
westerlyflow, andantig/clonic outflow from the convective region wasquite obvious. Thewarm
corein the eye wasweak,about2 to 3 K warmerthanthe surroundingervironment. Therewas
alarge cirrus outflov extendingseveral hundrednauticalmilesfrom the centernear37°N 63°W.
Theremainingpanelsn figure7 shawv theretrievedrain ratesandmeandropdiametersor eachof
the DSD modelsNwp, Nr,, Nr,, Nr,, andNc. Finally, the top panelsof figure 8 shav the various
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PIA's, andtheremainingpanelsof figure 8 shaw the errorsin the caseof Nyp, N, andNc.

Thereflectvities measuredn Gabriellenever exceededabout40 dBZ, andat no time wasthe 35-

GHz echoattenuatedbelon the sensitvity thresholdof theradar Figure5 shavs thattheretrieved
vertical structureof the precipitationis quite similarin all four casesonsideredThe exponential
modelMP produceaunrealisticallylarge rain ratesin the threecorvectie regions(nearkm 220,
km 270 andkm 350), and very large meanhydrometeorsizesabove the freezinglevel. Figure
6 confirmsthat the errorin all four modelsis quite low, exceptwithin the melting layerin the
restricted-@mmacaseNr,, wherethe modelmanifestlycannotexplain themeasuredeflectvities

without errorsof about2 dB. In generalthe errorsarelowestin the caseof Nc andNcc. A quan-
titative comparisonof the estimatesobtainedusing the variousDSD modelsrevealssignificant
differencedetweenNyp on onehandandthe threeothermodelson the otherhand. Indeed,the
averageverticalrain rateprofile estimatedisingary of the DSD modelsexceptthe exponentialis

betweer2 and3 mm/hr (with the exponentialDSD model,the averagerain rateincreasesapidly
from aboutl mm/hrat4kmto 11 mm/hrnearatsurface).Similarly, exceptin theexponentiakcase,
the averagevertical mean-drop-sizerofile increasegrom the top to a valuenearl.4 mmin the
meltinglayer, thenremainsnearl.2mmfrom 4 km down to the suriace(with theexponentiaDSD

model,the averagemean-drop-sizeeached..8 mmin the meltinglayer, dropsto about0.9 mm at

4 km altitude,andremaingfairly constantiown to the surface).As to the cloud-attenuatioeffect,

therain-rateestimate®btainedusingtherain+cloudmodelNcc arevery closeto thoseof therain-

only modelN¢ aloft, thoughasthealtitudedecreasetherain ratesestimatedisingtherain+cloud
modelincreasesteadilywith respecto thoseof the rain-only model,theincreaseeachingabout
50% nearthe surface. However, remarkablythe meandrop sizeestimateddy the rain+cloudand
therain-onlymodelsarealmostidentical.

In the caseof Humberto figure 7 clearly several cellswith significantcorvection,andin factthe
35-GHzechodisappearst several locationsalongthe track, mostnotablynearkm 110 andbe-
tweenkm 170andkm 210. The vertical structureof theretrieved rain ratesandmeandrop sizes
from all themodelsexcepttheexponentialarequite similar. Thelatterwasmanifestlyill-suitedto
explainthe measurements this caseandfigure 8 confirmsthatits errorsarenot nggligible. This
figure alsoshaws thatthe modelsNr,, Nr, andNr, (aswell asNyp) fail wheneer the 35-GHz
is attenuatednto the noise,but the raw-samplesmodelN¢ producesemarkablylow errorseven
whenthe 35-GHzchannelis attenuatednto noise. A quantitatve comparisorof the differences
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in the estimateglueto the differentDSD modelsconfirmsthatthe exponentialmodelis the least
consistenwith the measurementshe databasenodelis the mostconsistentandthe restricted
gammamodelsfall in betweenSpecifically theaverageverticalrainrateprofile in thecaseof Nr,
andNc increase$rom about4 mm/hrat4 km to about10.5mm/hrnearthe surface;in the caseof
Nr,, it increasedrom about5 mm/hrat4 km to a ratherlarge 40 mm/hrnearthe surface;andin
thecaseof Nvp andNr, it increase$rom abouté mm/hrat4 km to aratherunrealistic90 mm/hr
nearthe surface. As to the averagemeandrop size, the estimateobtainedusingNr, andNc are
very close,remainingnearl1.5 mm from 3.5 km down to the surface;the meandrop sizein the
caseof Nr, remainsnearl.7 mm from the melting layer down to the surface;andthe meandrop
sizein thecaseof Nr, is systematicallghelowest,increasingrom 1.2mmjustbelav themelting
layerto 1.5mm nearthe surface.

Most interestingall the DSD models(exceptthe exponential)producerain-rateand mean-drop-
size estimatesvhich arevery significantly correlated. This is illustratedin figures9 and 10. In
the threerestricted-gmmamodels,the joint behaior of the mean-drop-sizendthe rain-rateis
approximateljpbimodal,clusteringaroundthe“upper” and“lower” log-linearD*—R relationsgiven
in thefollowing table:

DSD model | high-D* relation | low-D* relation
ro D* = 1.42R0'15 D* = R0.044
M D* = 1.1R*Y" | D* = 0.91R%06
M D* = 1.45R%19 | D* = 1.31R0066

with Rin mm/hrandD* in mm. In the databasease the estimateslusteraroundthe piecavise
log-linearrelation

D* = 0.95R°? if R< 7.4 (13)
= 122R°97° if R> 7.4 (14)

Theparticularlystriking factis thatfor heavier rain (R greateithanabout10 mm/hr),the estimates
overwhelminglyclusteraroundthe “low-D*” correlationcurves,in all four casesThis would im-
ply thatthemeandropsizeat highrainratesis smallerthanonewould anticipatefrom correlation
modelsderivedfrom moremoderaterecipitation.Similarly, for lighterrain, while thereis no pro-
nouncedrendin the restricted-gmmamodels,the estimategproducedby the COARE-database
DSD modeldo clusterarounda log(D*)—-log([R) curwe with a steepesslopethanthe oneobtained
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at higherrain rates,implying thatthe meandrop sizedecreasemorerapidly with decreasingain
ratewhenthe latterfalls belov about4.5 mm/ht This supportghelikelihoodthatthe meandrop
sizeat lighter precipitationis indeedsmallerthan one might anticipatefrom a correlationmodel
dervedfrom moreintenseprecipitation.

The main conclusionof this analysishasto bethatseveral quite differentDSD modelsdo indeed
produceplausibledual-frequeng precipitationestimatesat leastover tropical systemdik e those
obseredduring CAMEX-4. Thegenerakhapeof the vertical variationof theretrievedrain rates
andmeandropsizeswill besimilaramongthedifferentmodels but the precipitationamountsand
the actualprofilesof meandrop diameterdiffer from modelto model,asdo the resultingcorrela-
tion patterndetweerrainrateandmeandropdiameter The mostimportantimplicationis thatthe
decisionaboutwhich drop size distributions shouldbe considereda-priori plausibledoeshave a
determiningeffect on the eventualretrievals. It is thereforevery importantto justify sucha-priori
assumptionsvith detailedDSD measurementst radarsizedresolutions.
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Fig. 5. Tropical StormGabrielle — measued radar reflectivitiesin dB (top panels),and retrievedrain ratesR in
mm/hr(left panels)and mass-weightetheandrop diametes D* in mm(right panels).
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